T cell bispecific antibodies (TCBs) are engineered molecules that include, within a single entity, binding sites to the T cell receptor and to tumor-associated or tumor-specific antigens. The receptor tyrosine kinase HER2 is a tumorassociated antigen in~25% of breast cancers. TCBs targeting HER2 may result in severe toxicities, likely due to the expression of HER2 in normal epithelia. About 40% of HER2-positive tumors express p95HER2, a carboxyl-terminal fragment of HER2. Using specific antibodies, here, we show that p95HER2 is not expressed in normal tissues. We describe the development of p95HER2-TCB and show that it has a potent antitumor effect on p95HER2-expressing breast primary cancers and brain lesions. In contrast with a TCB targeting HER2, p95HER2-TCB has no effect on nontransformed cells that do not overexpress HER2. These data pave the way for the safe treatment of a subgroup of HER2-positive tumors by targeting a tumor-specific antigen.
INTRODUCTION
Strategies to boost the immune response against tumors include two broad categories. One comprises approaches that take advantage of an already existing immune reaction against tumor-specific or tumorassociated antigens. The other is aimed to direct cytotoxic T lymphocytes against tumor cells, independently of the specificity of T cell receptors (TCRs). This can be achieved by generating contacts between cancer cells and cytotoxic T cells through chimeric antigen receptors (CARs) or T cell bispecific antibodies (TCBs), also known as T cell engagers.
CARs consist of the antigen-binding domain of an antibody fused to intracellular signaling motifs that activate T cells (1) (2) (3) . TCBs are engineered molecules that include, within a single entity, binding sites to the invariant CD3e chain of the TCR and to a tumor-associated or a tumor-specific antigen. Binding to the tumor antigen results in crosslinking of the TCR and subsequent lymphocyte activation and tumor cell killing (4) (5) (6) .
One of the main hurdles in the development of CARs or TCBs is the scarcity of extracellularly exposed antigens genuinely specific for tumors, that is, completely absent in nontransformed tissues. Because of this lack of bona fide tumor-specific antigens, the vast majority of CARs or TCBs are directed against tumor-associated antigens. As a result, major side effects due to redirection of T cells against normal tissues expressing these antigens have been observed (2, 3, 5, (7) (8) (9) .
To overcome this difficulty, two strategies are conceivable. One consists of adjusting dosages of CARs or TCBs that avoid damaging normal tissues but preserve antitumor activity. The second is to continue the search for tumor antigens not present in normal tissues.
HER2 is a receptor tyrosine kinase overexpressed in different tumors, including~25% of breast and gastric cancers (10) . Both CARs (11, 12) and TCBs (13) (14) (15) targeting HER2 have been developed. HER2-CARs not only are effective against HER2-overexpressing cells but also target normal cells expressing HER2 (16) . This "on-target offtumor" effect likely explains fatal adverse effects described in a patient treated with a HER2-CAR. In this patient, T cell activation in the lung, resulting in cardiopulmonary failure, was observed (7) . Subsequently, these side effects have been avoided by lowering the doses of newly designed CAR T cells targeting HER2, and clinical trials in which no evident toxicities were observed are currently ongoing (12, 17) . As an alternative, we looked for a tumor-specific antigen to exclusively target HER2-expressing tumors ("on-target on-tumor" effect) while sparing normal tissues.
About 40% of HER2-positive tumors express p95HER2, a constitutively active C-terminal fragment of HER2. p95HER2 is synthesized by alternative initiation of translation of the transcript encoding the full-length receptor (18) . We previously developed different antibodies that recognize p95HER2 but not full-length HER2, likely because they were directed against epitopes exposed in the fragment but not accessible in the native full-length molecule (19, 20) . We hypothesized that p95HER2 would be expressed only by cancer cells and, thus, that a TCB antibody recognizing p95HER2 would have antitumor effect but would be devoid of the side effects of TCBs recognizing HER2.
RESULTS

Expression of p95HER2 in normal tissues
p95HER2 is expressed in a subset of HER2-positive tumors (18) ; however, its expression in normal tissues has not been previously analyzed. Using anti-p95HER2-specific antibodies (Fig. 1A) , which were previously generated and characterized (19, 20) , p95HER2 could not be detected in tissue microarrays containing samples from 36 normal adult human tissues. In contrast, and as previously reported (21), full-length HER2 could be readily detected in the epithelia of skin, gastrointestinal, respiratory, reproductive, and urinary tracts (Fig. 1B and fig. S1 ). Western blot analysis confirmed these results, and whereas HER2 was detected in samples from different tissues, p95HER2 was undetectable (Fig. 1C) . We concluded that p95HER2 is a bona fide tumor-specific antigen toward which T cells could be safely redirected.
Generation and characterization of a bispecific antibody against p95HER2 and CD3 We constructed a TCB against p95HER2 (p95HER2-TCB) using an anti-p95HER2 antibody (19) . The epitope recognized by the antip95HER2 antibody, PIWKFPD, is located 34 amino acids from the plasma membrane ( fig. S2A ). The corresponding mouse sequence (PIWKYPD, fig. S2B ) was recognized by the anti-p95HER2 with very low affinity (fig. S2, C and D), despite the minimal difference from the human sequence (F to Y amino acid change).
p95HER2-TCB consists of an asymmetric two-armed immunoglobulin G1 (IgG1) that binds monovalently to CD3e and bivalently to p95HER2 (Fig. 2A) . The advantage of this design is, on one hand, the monovalent low affinity of the free bispecific antibody for CD3e (ca. 70 to 100 nM) (22) , which disfavors T cell binding and activation in the absence of binding to p95HER2. On the other hand, this bispecific antibody binds bivalently to the tumor antigen, making use of avidity. A direct comparison of this 2:1 TCB design with different 1:1 designs has shown the superiority of the former (22) . In addition, the Fc of p95HER2-TCB was engineered by introducing P329G LALA mutations to avoid binding to the Fcg receptor (23) .
The binding affinity of p95HER2-TCB for p95HER2 is ca. 9 nM, very similar to that of the original anti-p95HER2 antibody ( fig. S3 ). To further characterize p95HER2-TCB, we analyzed its binding to the Jurkat human T lymphocyte cell line, to human peripheral blood mononuclear cells (PBMCs), and to MCF10A cells (which are derived from normal human breast epithelium) transfected with constructs expressing HER2 and/or p95HER2. The results confirmed the specificity of p95HER2-TCB and the relatively low and high affinities for CD3 and p95HER2, respectively (Fig. 2B) . Note that p95HER2 migrates as a slow-migrating, fully glycosylated form and an immature form ( Fig. 2C) (24) .
Despite the clear preference for binding to cells expressing p95HER2 (Fig. 2B, right) , p95HER2-TCB also bound to HER2-overexpressing MCF10A cells (Fig. 2D ). This residual binding could be due to interaction with the full-length receptor or, alternatively, to low expression of p95HER2 in cells overexpressing HER2. Because p95HER2 is synthesized from the mRNA encoding HER2 through alternative initiation of translation from the AUG codon encoding methionine-611 (24), we analyzed the binding of p95HER2-TCB to cells expressing a complementary DNA construct with a methionine-to-alanine mutation in position 611. The results showed that the binding of p95HER2-TCB to cells overexpressing HER2 is largely due to the generation of p95HER2 synthesized by alternative initiation of translation from methionine-611 (Fig. 2 , E and F). These data highlight the specificity of p95HER2-TCB. For functional analyses, we co-incubated MCF10A cells expressing HER2 and/or p95HER2 with PBMCs and different concentrations of p95HER2-TCB (Fig. 2G) . The original anti-p95HER2 antibody or p95HER2-TCB had no effect on MCF10A/ p95HER2 cells in the absence of PBMCs ( fig. S4A ), indicating that attenuation of p95HER2 signaling did not contribute to the effect of the TCB. At low concentrations (≤10 nM) of p95HER2-TCB, lymphocytes displayed markers of activation only in the presence of cells expressing p95HER2 (Fig. 2H and figs. S4B and S5). Accordingly, lymphocytes killed only cells expressing p95HER2 (Fig. 2I ). The analysis of effector molecules such as interleukin-2 (IL-2), granzyme B, and interferon-g (IFN-g), produced by activated lymphocytes, confirmed the ability of p95HER2-TCB to induce the cytotoxic killing of cells expressing p95HER2 (Fig. 2J) .
Effect of p95HER2-TCB in vivo MCF10A cells do not grow as xenografts in mice. Thus, to assess the efficacy of p95HER2-TCB in vivo, we generated MCF7 cells expressing p95HER2. Because p95HER2 expression induces senescence in these cells through the up-regulation of the cyclin-dependent kinase inhibitor p21 (25), we knocked down this factor to obtain proliferating MCF7 cells expressing p95HER2 ( fig. S6A ). Coculture experiments with these cells, PBMCs, and p95HER2-TCB confirmed the efficacy of p95HER2-TCB in vitro ( fig. S6, B to D) .
A common methodology to assay immune therapies in vivo involves the transplantation of PBMCs into immunocompromised mice carrying xenografted tumor cells (Fig. 3A) (26) . However, components of the class I histocompatibility complex can be strong alloantigens and be recognized as distinct targets by T cells. Thus, the degree of histocompatibility may determine the degree of tumor rejection in this experimental system. In agreement with this fact, PBMCs from different donors had different effects on the growth of MCF7 p95HER2 cells as xenografts ( fig. S7A ). Despite these differences, compared with a nontargeting control TCB, p95HER2-TCB had a potent antitumor effect, independently of the source of PBMCs (Fig. 3, B and C, and fig.  S7B ). Supporting the efficacy and specificity of p95HER2-TCB, we did not detect human lymphocyte engraftment, defined as circulating cells positive for human CD45, in the outlier mouse bearing a tumor that showed a growth rate similar to those of mice treated with vehicle or nontargeting TCB (fig. S7C ). The percentage of tumor cells, measured by positivity against an anti-cytokeratin antibody (Fig. 3D) , was significantly lower (P < 0.001) after treatment with p95HER2-TCB, showing that volume likely overestimates tumor burden in p95HER2-TCBtreated mice.
At the end of the experiment, the percentages of circulating human CD8 + cells were similar in the three groups of mice (Fig. 3E, blood) . In contrast, tumors in mice treated with p95HER2-TCB contained a higher percentage of CD8 + lymphocytes (Fig. 3E, tumor) . Current therapies targeting HER2, such as trastuzumab, are effective against extracranial HER2-positive tumors, but their efficacy against brain metastases remains limited (27, 28) . Therefore, there is a need to develop drugs for patients with HER2-positive brain lesions. was assessed by flow cytometry (H), and cytotoxicity was determined by measuring lactate dehydrogenase (LDH) release (I) (n = 3 expressed as means ± SD). (J) MCF10A p95HER2 cells were incubated with PBMCs and 10 nM p95HER2-TCB, and the production of the indicated factors was determined by enzyme-linked immunosorbent assay (n = 3 expressed as means ± SD). (D, F, and J) *P < 0.05, **P < 0.01, ***P < 0.001, twotailed t test.
To test the efficacy of p95HER2-TCB on these lesions, we used immunodeficient mice humanized with hematopoietic stem cells (Fig.  3F ). To generate this model, CD34 + cells obtained from human cord blood were injected into 5-week-old immunodeficient mice (29) . After 4 to 5 months, >30% of cells in peripheral blood from these mice were positive for human CD45, which means that they were of human origin (Fig. 3G) . Next, MCF7 p95HER2 cells expressing luciferase were inoculated into the brains of these mice. Bioluminescence monitoring showed the efficacy of p95HER2-TCB against the intracranial tumors ( Fig. 3 , G to I).
The lack of efficacy of trastuzumab on brain lesions is attributed to poor transport through the blood-brain barrier (BBB) (28) . To test the ability of p95HER2-TCB to cross the BBB, we used an in vitro model ( fig. S8A ). As expected, in this model, trastuzumab poorly crossed a barrier composed of BBB components and had a limited effect on target cells, even in the presence of PBMCs ( fig. S8B ). In contrast, in the presence of PBMCs, p95HER2-TCB effectively reached target cells (fig. S8, C and D), probably because lymphocytes with bound p95HER2-TCB crossed this BBB in vitro model.
Effect of HER2-TCB and p95HER2-TCB on nontransformed cells expressing HER2
To directly compare the redirection of T cells via p95HER2 and HER2, we used a trastuzumab-based HER2-TCB with a 2:1 structure identical to that of p95HER2-TCB. In line with the expression data shown in Fig. 1 , HER2-TCB, but not p95HER2-TCB, bound to the surface of nontransformed MCF10A cells or to normal epithelial cells (NECs) obtained from reduction mammoplasties (Fig. 4A, left) . Accordingly, coculture experiments showed that HER2-TCB, but not p95HER2-TCB, induced the activation of cytotoxic lymphocytes and target cell killing (Fig. 4A , middle and right).
Therapies directed against HER2 may contribute to cardiac toxicity [(30) and references therein]. Coculture experiments showed that human cardiomyocytes were effectively killed by HER2-TCB, whereas p95HER2-TCB did not have an effect on these cells (Fig. 4B) . Thus, p95HER2-TCB does not affect nontransformed cells, whereas HER2-TCB induces the cytotoxic destruction of the same cells.
In line with this conclusion, HER2-TCB, but not p95HER2-TCB, induced regression of tumors generated by parental MCF7 cells, which . Results (I) are expressed as means ± SD (n ≥ 4 per group). *P < 0.05, **P < 0.01, ***P < 0.001, two-way analysis of variance (ANOVA) and Bonferroni correction (B and I) and two-tailed t test (C to E). In all cases, we compared the group treated with vehicle with the group treated with p95HER2-TCB. n.s., not significant.
do not overexpress HER2 ( fig. S9A ). Of note, the efficacy of HER2-TCB on parental MCF7 cells and on the same cells overexpressing HER2 was similar. Thus, low expression of HER2 already triggered effective target cell killing, and this effect was not increased by higher HER2 expression ( fig. S9 ).
Defining a threshold of effectivity
A quantitative IHC-based assay (20) showed that the amounts of p95HER2 in breast tumors vary by more than two orders of magnitude (31, 32) . To find the concentration of p95HER2 necessary to trigger the activation of lymphocytes mediated by p95HER2-TCB, we used a panel of HER2-positive patient-derived xenografts (PDXs). Expression of p95HER2 in samples from original tumors and the corresponding PDXs was similar. In p95HER2-positive tumors (H score ≥ 145), >80% of the cells were positive for p95HER2 both in the original tumor and in the corresponding PDX (Fig. 5A and fig.  S10 ). Thus, during expansion in immunodeficient mice, expression of p95HER2 by tumor cells remained largely invariable.
To quantify the activation of T cells induced by p95HER2-TCB in the presence of cells from different PDXs, we used Jurkat cells expressing an NFAT (nuclear factor of activated T cells)-driven reporter of TCR activation coupled to luciferase (Fig. 5B) . Using two PDXs previously characterized as high (PDX67) and low (PDX118) expressers of p95HER2 (33), we showed that increasing concentrations of p95HER2-TCB resulted in TCR activation in cocultures with cells from the high-expresser p95HER2 PDX (Fig. 5C) . A similar analysis was performed on eight additional HER2-positive PDXs and, as controls, on two PDXs established from triplenegative breast cancers (PDX284 and PDX347) (Fig. 5D ).
As expected, there was a positive correlation between the activation of the TCR induced by p95HER2-TCB and the amount of p95HER2 determined by the quantitative IHC-based assay (20) (Fig. 5E) , IHC, and Western blot (fig. S10). These results allowed us to establish a threshold of p95HER2 expression above which p95HER2-TCB induces activation of the TCR:~24 relative fluorescence (RF)/mm 2 , as judged by the VeraTag assay, and H score~145, as judged by IHC (Fig. 5E and fig S10C) .
Effect of p95HER2-TCB on PDXs
To confirm the results obtained with the Jurkat cells expressing the reporter of TCR activation, we used an in vivo approach. Using PBMCs from the same patient who donated the tumor to establish PDX173, we observed a clear antitumor effect of p95HER2-TCB, in vitro and in vivo (Fig. 6A, matched) . Using PBMCs from an unrelated healthy donor, p95HER2-TCB also had a clear antitumor effect (Fig. 6A, nonmatched) , despite the fact that these allogeneic PBMCs had some cytotoxic effect on PDX173, both in vitro and in vivo (Fig. 6A , compare matched and nonmatched PBMCs in assays with vehicle).
Positivity to anti-cytokeratin confirmed that most of the remaining tumors in p95HER2-TCB-treated mice contained few tumor cells.
Analysis of CD8
+ lymphocytes confirmed the ability of p95HER2-TCB to increase infiltration of T cells into tumors ( fig. S11 ).
To confirm these results, we also used mice humanized with CD34 + cells (Fig. 6 , B and C). In this model, treatment with p95HER2-TCB also impaired tumor growth (Fig. 6D ) and promoted the infiltration by CD8 + lymphocytes and their activation (Fig. 6E) . Finally, we analyzed the effect of p95HER2-TCB in two additional HER2 + PDXs, PDX251G and PDX445, which expressed p95HER2 above and below the threshold necessary for the activation of the TCR mediated by p95HER2-TCB, respectively (Fig. 5D) . The results confirmed that the quantitative analysis of p95HER2 expression is useful to predict the antitumor activity of p95HER2-TCB, because treatment was only effective in the PDX with p95HER2 expression above the defined threshold (Fig. 7) . 
DISCUSSION
One major drawback of redirecting T lymphocytes against tumor cells via tumor-associated antigens is the undesired effect on healthy tissues. Because tumor-associated antigens recognized by engineered molecules (CARs or TCBs) are frequently also expressed in normal tissues, on-target off-tumor effects caused by redirected lymphocytes can be severe or even fatal.
The expression of HER2 is readily detectable in normal epithelial tissues (21) . In fact, current drugs targeting HER2, such as the monoclonal antibody trastuzumab or the tyrosine kinase inhibitor lapatinib, induce cardiotoxicity in patients, particularly in combination with chemotherapy. This effect is likely due to the expression of HER2 in cardiomyocytes (30) . The expression in normal tissues is also the likely reason for the side effects observed with CARs and TCBs targeting HER2 (7, 16) . To avoid these undesired effects, doses of CAR T cells against HER2 have been lowered, from 10 10 cells (7) to 10 8 cells (12) . Although these doses are safe (12, 15, 34) , they may compromise the antitumor effect of the treatment. We have followed an alternative approach by developing a TCB against p95HER2, a truncated form of HER2 that is undetectable in NECs.
An additional advantage of p95HER2 as a target for TCBs stems from its short extracellular domain. The proximity of the plasma membrane to the epitope recognized in tumor cells by TCBs facilitates T cell synapse formation and, thus, tumor cell lysis (35) . The peptide recognized by p95HER2-TCB is located only 34 amino acids from the plasma membrane, and this proximity likely contributes to its efficacy.
Thus, p95HER2 is expected to be a safe target for the redirection of T cells against tumor cells and the efficient lysis of the latter. Our results fully support these expectations. Although p95HER2-TCB had a potent effect on tumors expressing p95HER2, we did not detect any effect on cells with low HER2 expression or even on HER2-amplified, p95HER2-negative tumors.
Arguably, side effects due to on-target off-tumor redirection of T lymphocytes via tumor-associated antigens can be more efficiently controlled with TCBs than with CAR T cells. The administration of TCBs can be stopped at will, should side effects become intolerable. In addition, the dose of TCB can be easily gauged to find a safe therapeutic window. However, such a window may represent a compromise that sacrifices maximal antitumor effect to preserve the integrity of normal tissues. The use of truly tumor-specific antigens, such as p95HER2, to redirect lymphocytes will help to increase the dose of TCB to achieve maximal antitumor effect without side effects.
One serious limitation of current anti-HER2 drugs is their lack of efficacy against brain metastases. In the case of trastuzumab, this inefficacy is attributed to its inefficient penetration through the BBB (28). In our experimental setting, p95HER2-TCB effectively impaired the growth of intracranially implanted cells, indicating that cytotoxic lymphocytes can be redirected against brain metastases. In vitro analyses indicated that although p95HER2-TCB itself does not efficiently cross the BBB, CD3
+ lymphocytes can transport p95HER2-TCB to reach intracranial tumors. Given the limitations of in vitro BBB models, this hypothesis should be tested in the future in vivo, using immunocompetent models.
As an aside, it is currently unclear how allogeneic reactions affect experimental models aimed to reconstitute the interplay between tumor and immune cells. In our analyses, we included human leukocyte antigen (HLA)-matched and nonmatched lymphocytes and confirmed that allogeneic PBMCs may reject tumors and thus using these cells can (20) . (C and D) *P < 0.05, **P < 0.01, ***P < 0.001, two-tailed t test. 
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complicate the interpretation of some experiments. Despite this complication in all experiments performed, p95HER2-TCB had a clear effect on p95HER2-positive cells, irrespective of the source of PBMCs. In summary, p95HER2 is a bona fide tumor-specific antigen expressed by a subset of HER2-positive breast cancers and, thus, redirecting T cells toward p95HER2 is likely a safe and effective antitumor immune therapy.
MATERIALS AND METHODS
Study design
This study was designed to validate p95HER2 as a safe target toward which T cells can be effectively redirected using a bispecific antibody, p95HER2-TCB. We assessed p95HER2-TCB effectiveness using in vitro and in vivo assays combining human cell lines or patientderived models with human lymphocytes. For in vitro studies, a minimum of two biological replicates were performed. For in vivo models, we used two sources of immune cells: (i) PBMCs, either patientmatched or nonmatched, and (ii) CD34 + hematopoietic stem cells. All human samples were obtained following institutional guidelines under protocols approved by the institutional review boards (IRBs) at Vall d'Hebron Hospital. Animal work was performed according to protocols approved by the Ethical Committee for the Use of Experimental Animals at the Vall d'Hebron Institute of Oncology. For in vivo experiments, three to seven mice were used per treatment group, and they were randomized by tumor size. Mice that died before the end of the experiment for reasons unrelated to treatment or that did not have detectable percentages of human immune cells were excluded. Because of ethical reasons, we ended experiments before the full development of graft-versus-host disease or when tumor volume surpassed 1000 mm 3 . Experiments were not performed in a blinded fashion.
Cell lines and primary cultures MCF7 (#HTB-22), MCF10A (#CRL-10317), and Jurkat cells (#TIB-152) were from the American Type Culture Collection. MCF7 Tet On cell line was generated by lentiviral transduction of pTRIPZp95HER2 vector, generated by a modification of the pTRIPZ vector (Open Biosystems, Thermo Fisher Scientific) to allow p95HER2 overexpression, and pTRIPZ-shp21. pTRIPZ-shp21 was generated by cloning shp21 sequence from pGIPZ CDKN1A short hairpin RNA from Open Biosystems-Thermo Fisher Scientific (RHS4430-200281172 clone V3LHS-322234) into pTRIPZ vector. MCF7-HER2 stably overexpressing cells were generated with retroviral pBabe-hygro vector. MCF10A cells stably expressing vector, p95HER2, HER2, or the combination were generated by retroviral (pQCXIH or pQCXIH-HER2) and lentiviral (pLEX or pLEX-p95HER2) infection. Jurkat-Lucia NFAT cells (#SL0032) were from Signosis.
Cell cultures derived from PDXs were maintained in Dulbecco's modified Eagle's medium/F12 supplemented with 1% L-glutamine, 1% penicillin/streptomycin, and 1% insulin-transferrin-seleniumethanolamine (#51500056, Life Technologies).
Tumor samples
Human breast tumors used in this study were from biopsies or surgical resections at Vall d'Hebron University Hospital, Barcelona, and were obtained following institutional guidelines. The IRBs at Vall d'Hebron Hospital provided approval for this study in accordance with the Declaration of Helsinki. Written informed consent was obtained from all patients who provided tissue and/or blood.
Patient-derived xenografts
Fragments of patient samples were implanted into the fat pad of NOD. CB17-Prkdcscid [nonobese diabetic (NOD)/severe combined immunodeficient (SCID)] (#SM-NOD-5S-F, Janvier) or NOD.Cg-Prkdcscid + cells, relative to total leukocytes, were determined at the end of the experiment. *P < 0.05, **P < 0.01, ***P < 0.001, two-tailed t test (left) and two-way ANOVA and Bonferroni correction (middle).
Il2rgtm1WjI/SzJ NOD scid gamma (NSG) (#005557, Charles River Laboratories) mice, and 17b-estradiol (1 mM) (#E8875-1G, SigmaAldrich) was added to drinking water. Tumor xenografts were measured with calipers three times per week, and tumor volume was determined using the following formula: (length × width 2 ) × (p/6).
Proliferation assay
Cells (1 × 10 5 per well) were seeded in 96-well plates. At the indicated times, cells were detached with trypsin-EDTA, and viable cells were determined by trypan blue dye exclusion and counted on a Neubauer chamber.
Western blot
Primary antibodies recognizing HER2 (c-ERBB-2) (CB11, #MU134-UCE, BioGenex), human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (#Ab128915, Abcam), and p21 (#Ab11CP74, NeoMarkers) were used. As secondary antibodies, we used enhanced chemiluminescence (ECL) rabbit IgG, horseradish peroxidase (HRP)-linked whole antibody (from donkey, #NA934-1ML, Amersham GE Healthcare) and ECL mouse IgG, HRP-linked whole antibody (from sheep, #NA931, Amersham GE Healthcare).
PBMC isolation
PBMCs were isolated from pre-analyzed buffy coats obtained from healthy donors through the Blood and Tissue Bank of Catalonia (Banc de Sang i Teixits) or peripheral blood from patients. Blood was diluted with 1× phosphate-buffered saline (PBS), 2:1, and transferred to 50-ml tubes with Ficoll-Paque PLUS (#70-1440-02, GE Healthcare) at a 4:3 ratio, following the manufacturer's protocol.
Cytotoxicity assays and T cell activation
All target cells were harvested with StemPro Accutase, counted, and seeded in 96-well flat bottom plates. Effector PBMCs were added 24 hours later to each well in a proportion of 10:1 in RPMI 1640, 2% fetal bovine serum (FBS). Serial dilutions of the indicated antibodies were performed in RPMI 1640, 2% FBS medium and added to the target/ effector-containing wells. The plates were incubated for 48 hours, and LDH release was determined with the CytoTox 96 Non-Radioactive Cytotoxicity Assay (#G1780, Promega).
PBMCs from cytotoxicity and cytokine release assays were resuspended in 1× PBS, 2.5 mM EDTA, 1% bovine serum albumin (BSA), and 5% horse serum. Twenty minutes later, samples were centrifuged and cells were incubated for 45 min with the following antibody mix: hCD8 phycoerythrin (PE)-Cy7 (#344712), hCD4 BV421 (#317434), hCD25 allophycocyanin (APC) (#302610), and hCD69 fluorescein isothiocyanate (FITC) (#310904), all from BioLegend at a 1:300 dilution. After a wash with 1× PBS, samples were acquired on LSR Fortessa (BD Biosciences).
Cytokine analysis
Fifty microliters of supernatant was collected and transferred to a 96-well plate for granzyme B, IFN-g, and IL-2 detection with the CBA Human Soluble Protein Flex Set (#558264, BD Biosciences) as indicated by the manufacturer.
Analysis of HER2 and p95HER2 expression in tissue microarrays
Tissue microarrays, MNO1021 and ab178227, were purchased from Biomax and Abcam, respectively. MNO102 and ab178227 were probed with the anti-p95HER2 antibody described in (33) . All samples were clearly negative. MNO1021 and ab178227 were also probed with anti-HER2 (c-ERBB-2) (CB11, #MU134-UCE, BioGenex).
Cardiomyocyte cytotoxicity assay and T cell activation in vitro Cardiomyocytes (iCell Cardiomyocytes, Cellular Dynamics #CMC-100-110-00) were cultured according to the supplier's instructions. For the assessment of T cell activation, surface staining for CD8 (APC anti-human CD8, BD #55536), CD4 (FITC anti-human CD4, BioLegend #300506), CD69 (BV421 anti-human CD69, BioLegend #310930), and CD25 (PE-Cy7 anti-human CD25, BioLegend #302612) was performed according to the suppliers' indications. Samples were analyzed using a BD FACSCanto II.
Jurkat-luciferase assay Tumors derived from PDXs were excised and cut into the smallest pieces possible, incubated for 1 hour with collagenase 1A (200 U/ml; #C9891, Sigma-Aldrich), washed, filtered through 100-mm strainers (#352360, Corning), and counted. Single target cells were cocultured with effector Jurkat-Lucia cells at a 5:1 effector/target (E:T) ratio. Luciferase signal was measured using the Luciferase Assay System (#E1501, Promega) and following the manufacturer's protocol.
Cell survival assay
Tumors derived from PDXs were excised and digested as described above. Cell suspension was plated in 40-ml dots of Matrigel (#354234, Corning) in 48-well flat plates. Once organotypic cell cultures were established, organoids were digested to single cells. Then, cells were labeled with CFSE (#C34554, Invitrogen) according to the manufacturer's protocol. CFSE-labeled cells (derived from PDXs or MCF7-p95HER2) were cocultured with PBMCs from healthy donors or matched patients at an E:T ratio 10:1 in the presence of 50 nM p95HER2-TCB or vehicle in 96-well V-bottom plates. After 72 hours of incubation, the mixture of cells was washed with 1× PBS and resuspended in 1× PBS, 2.5 mM EDTA, 1% BSA, and 5% horse serum for 20 min. Then, cells were stained with hCD8 PE-Cy7, hCD4 BV421, hCD25 APC, and hCD69 APC-Cy7 (#310913, BioLegend), all used at a 1:300 dilution. Zombie Aqua (#423101, BioLegend) was used as a viability marker at a 1:1000 dilution. CFSE-positive cells were counted, and the percentage of corresponding leukocytes was measured on LSR Fortessa and analyzed with FlowJo software.
Humanized xenograft models NSG mice were injected orthotopically with 3 × 10 6 MCF7-p95HER2 cells or implanted with approximately 3 × 3 mm tumor fragments. Once tumor volume reached 200 mm 3 , animals were intraperitoneally injected with 10 7 PBMCs obtained from healthy donors or matched patients. After 48 hours, animals were treated biweekly with p95HER2-TCB (1 mg/kg), nontargeting TCB, or vehicle intravenously. In the case of MCF7 p95HER2 cells, mice were maintained in the presence of doxycycline (1 g/liter) in the drinking water.
To obtain immunodeficient mice with a reconstituted human immune system, CD34 + cells were purified from human cord blood obtained through the Blood and Tissue Bank of Catalonia. These cells were intravenously injected into 5-week-old NSG mice previously treated intraperitoneally with busulfan (15 mg/kg) to ablate the hematopoietic system of the mouse. After 4 to 5 months, the percentages of circulating human CD45 + cells were determined, and mice containing >30% hCD45 + in peripheral blood were orthotopically implanted with about 3 × 3 mm tumor fragments. Once tumors reached 200 mm 3 , animals were randomized and treated biweekly with p95HER2-TCB (1 mg/kg) or vehicle (intravenously).
At the end of the experiment, mouse blood and tumors were analyzed. Tumors were cut into small pieces and digested in collagenase IA (200 U/ml) and deoxyribonuclease I (1 mg/ml) in RPMI medium. After 1 hour of incubation at 37°C with shaking at 80 rpm, the mixture was filtered through 100-mm strainers. Red blood cell lysis was performed in digested tumors and blood samples. After a wash with PBS, the cells from tumor and blood were resuspended in PBS, 2.5 mM EDTA, 1% BSA, and 5% horse serum for 20 min. Then, cells were stained with hCD45 PE (#304008), msCD45 AF488 (#103122), hCD3 peridinin chlorophyll protein (PerCP)-Cy5.5 (#300430), hCD8 PECy7, hCD4 BV421, and hCD25 APC, hCD69 FITC, all used at a 1:300 dilution. Zombie Aqua (#423101, BioLegend) was used as a viability marker at a 1:1000 dilution. Samples were acquired on LSR Quantitative p95 assay (VeraTag) p95HER2 was quantified using the VeraTag platform and a monoclonal antibody against p95HER2 that does not recognize full-length HER2, as previously described in (20) .
Immunohistochemical analysis
PDXs or human breast cancer sample tissues were fixed in 4% formaldehyde buffered to pH 7 (stabilized with methanol) for 24 hours and were then formalin-fixed and paraffin-embedded (FFPE). Tissue sections of 4 mm thickness were mounted on positively charged glass slides and immunostained with the indicated antibodies. A certified pathologist, R.F., evaluated p95HER2 expression by histoscore (H score) (36), a semiquantitative assessment of intensity of staining (graded as follows: 0, nonstaining; 1, weak; 2, median; or 3, strong, using adjacent normal tissue as reference) and the percentage of positive cells. R.F. also calculated the percentages of cytokeratin-and CD8-positive cells.
Normal tissue lysates
Tissue lysates obtained from normal colon, liver, uterus, heart, breast, and esophagus were purchased from Amsbio.
Transmigration BBB assay A BBB model was generated using hCMEC/D3 cells, brain microvascular endothelial cells that maintain phenotypic features of BBB (37) and have been used to model BBB in vitro [for example, see (38) ]. Cells were cultured in precoated collagen I (rat tail, Gibco, A1048301, 150 mg/ml) plates, with EGM2 medium + bulletkit factors (CC-3156 and CC-4176, Lonza), according to the manufacturer's instructions. To generate the BBB model, 3-mm transwells (3-mm polyester transwells, Costar #3472) were coated with collagen I (150 mg/ml) for 2 hours and then coated with fibronectin (10 mg/ml; Sigma-Aldrich, FF1141) for 1 hour. After coating, transwells were washed with 1× PBS twice, and 100,000 of hCMEC/D3 cells were seeded on top of the transwells to generate the BBB components. When cells reached confluency (3 to 5 days), they were starved overnight in starving EGM2 medium, and target cells were seeded in the low chamber. For cytotoxic assays, cells were cultured for 72 hours and CFSE counts were analyzed by flow cytometry.
Surface plasmon resonance
Surface plasmon resonance measurements were performed on a Biacore T200 (GE Healthcare). Anti-p95HER2 IgG and TCB were captured on the sensor chip surface by a chemically immobilized anti-human Fc IgG (GE Healthcare, BR-1008-39). The p95Her2 peptide (MPIWKFPDEEGAKKKK, synthesized at Bachem) was used as an analyte (300 to 0.14 nM serial dilution), and the sensor chip surface was regenerated with 3 M MgCl 2 between single injections. Kinetic evaluation was performed by global fitting of the data to a 1:1 interaction model.
Statistical analyses
GraphPad Prism 6.0 was used for statistical analyses. For in vitro experiments, comparisons between two groups were made by Student's t test. For in vivo experiments, we used two-way ANOVA with subsequent Bonferroni correction. We did not use statistical methods to predetermine sample size in animal studies, but we did make efforts to achieve the scientific goals using the minimum number of animals. A sample size of three to seven mice per group was chosen on the basis of our previous experience. Original data are provided in table S1.
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